Abstract. We show that the 't Hooft-Polyakov monopole model in the hidden sector with Higgs portal interaction makes a viable dark matter model, where monopole and massive vector dark matter (VDM) are stable due to topological conservation and the unbroken subgroup U (1) X . We show that, even though observed CMB data requires the dark gauge coupling to be quite small, a right amount of VDM thermal relic can be obtained via s-channel resonant annihilation for the mass of VDM close to or smaller than the half of SM higgs mass, thanks to Higgs portal interaction. Monopole relic density turns out to be several orders of magnitude smaller than observed dark matter relic density. Direct detection experiments, particularly, the projected XENON1T experiment, may probe the parameter space where the dark Higgs is lighter than 60 GeV. In addition, the dark photon associated with unbroken U (1) X contributes to the radiation energy density at present, giving ∆N ν eff ∼ 0.1 as the extra relativistic neutrino species.
Introduction
One of the mysteries of the universe is that 26 % of it is made of nonbaryonic cold dark matter (CDM) [1] , which definitely calls for beyond the SM (BSM) physics. As of now, very little is known about the particle nature of CDM except that it carries no electric or color charge. We do not know (i) how many species of CDM's are there, (ii) if DM is absolutely stable or have very long lifetime, (iii) what are the masses and spins of CDM's, and (iv) how CDMs interact with each other or the ordinary matter. This lack of information results in many models for dark matter. Very often some ad hoc Z 2 symmetry or similar is introduced in order to stabilize DM without questioning the origin of those symmetries. Also, DM particles often feel no gauge interaction, unlike most of the SM particles. However weakly interacting massive particle (WIMP) with mass ∼ O(100) GeV, which is the most common CDM candidate, is not likely to be stable under a global symmetry which is often assumed for the stability of DM [2] . The stability of DM and the fact that SM is guided by local gauge principle may imply that the dark sector in which the dark matter responsible for the present relic density resides may respect local gauge symmetry, too. This picture also arises naturally in string inspired models [3] .
The last unbroken dark gauge symmetry (H X ) guaranteeing the stability of DM may be originated from a larger gauge group (G X ). In this case, topologically stable objects are likely to form during the symmetry-breaking phase transition, although it depends on the nature of the larger gauge group and the pattern of the symmetry breaking. For example one can have topological monopole if Π 2 (G X /H X ) = Z (integer), vortices (strings) or domain walls depending on the lower homotopy classes. Moreover, since the hidden sector may communicate with the visible sector via various gauge singlet portal interactions [2] , even topological soliton(s) may have a chance to leave observable imprints.
In this paper, we consider a simple hidden sector DM model, where non-Abelian dark gauge symmetry SU (2) X is broken down to a U (1) X by a real triplet dark Higgs field. It is just the 't Hooft-Polyakov monopole [4, 5] model in the hidden sector. In this well known setup, we add the Higgs portal interaction which is allowed at renormalizable level, and show that a viable dark matter phenomenology can be obtained.
This paper is organized as follows. In section 2, our model is proposed and particle spectra in the model is discussed. In section 3, we discuss about constraints coming from the vacuum stability, perturbative unitarity and collider data. Section 4 is devoted to DMphenomenology, where constraints on DM self-interaction from formation of massive black holes and CMB data are discussed, and relic densities of VDM and monopoles are estimated. In section 5, dark radiation is discussed briefly, and conclusion is drawn in section 6.
Model and Particle Spectra
Let us consider SU (2) X -triplet real scalar field Φ with the following Lagrangian:
being the structure constant of the hidden sector SU (2) gauge group. The Higgs portal interaction is described by the λ ΦH term. When we ignore the Higgs portal interaction, the hidden sector Lagrangian describes the 't HooftPolyakov monopole [4, 5] . After the spontaneous symmetry breaking of SU (2) X ≈ SO(3) X into U (1) X ≈ SO(2) X by nonzero vacuum expectation value (VEV) of Φ,
hidden sector particles are composed of massive dark vector bosons
1 , massless dark photon γ h,µ ≡ V 3 µ , massive real scalar φ (dark Higgs boson) and topologically stable heavy (anti-)monopole with mass m M = m V /α X .
After the spontaneous breaking of electroweak symmetry, Higgs portal interaction mixes φ and SM Higgs boson h. After imposing the vanishing tadpole conditions, the mass 2 mixing between h and φ is described by the following matrix:
in the (h, φ) basis with λ H being the quartic coupling of the SM Higgs. We can make a SO(2) rotation from (h, φ) basis to the physical mass eigenstates, (H 1 , H 2 ) with mass eigenvalues
1 Here ±1 indicate the dark charge under U (1)X , and not ordinary electric charges.
Note that m 2 1,2 > 0 requires λ φH < 2 λ H λ φ . With the mixing angle α defined by
the interaction eigenstates can be expressed in terms of mass eigenstates as
This is similar to the renormalizable models for singlet fermion DM [6, 7] or VDM [8] .
Note that there is no kinetic mixing between γ h and the SM U (1) Y -gauge boson unlike the U (1) X -only case, due to the non Abelian nature of the hidden gauge symmetry. The hidden vector bosons V ± µ are absolutely stable due to the unbroken U (1) X gauge symmetry even if we consider nonrenormalizable interactions. Hence they become good CDMs in addition to monopoles without additional dark charged matter fields. This aspect is in sharp contrast with the VDM with the SU (2) X being completely broken [9] , where the stability of massive VDM is not protected by SU (2) X gauge symmetry and nonrenormalizable interactions would make the VDM decay in general. In the model presented in this paper, the unbroken U (1) X subgroup not only protects the stability of VDM V ± µ , but also contributes to the dark radiation at the level of ∼ 0.1.
Low energy phenomenology
The presence of symmetry breaking dark higgs field and Higgs portal interaction allows a mixing between SM-and dark-Higgs bosons. This mixing improves the vacuum stability of SM Higgs potential, but is constrained by collider experiments as described below.
Vacuum Stability and Perturbative Unitarity
The Higgs portal interaction of Φ to the SM Higgs H can improve the vacuum stability along SM Higgs direction up to Planck scale via tree-level h − φ mixing and additional scalar loopcorrection to the quartic coupling of SM Higgs. As shown in Ref. [7] , for m t = 173.2 GeV and α s = 0.118 as the top-quark pole mass and strong gauge coupling, the vacuum instability can be cured up to Planck scale, if m 1 < m 2 and the scalar mixing angle (α) satisfies
where
129 is the Higgs quartic coupling of SM with m 1 = m h ≈ 125 GeV being the mass of the observed SM highs-like particle, or 0.2
Recent result from LHC experiments constrains the mixing angle to be α 0.45 at 95% CL [11] . For such a small mixing, the mass eigenstates can be approximated to the interaction eigenstates, and in case of absolute stability Eq. (3.1) is translated to m φ 150 GeV if λ ΦH is too small to improve the vacuum stability. Noth that, if m 2 < m 1 , vacuum instability becomes worse for a non-zero α, and hence somewhat large λ ΦH would be necessary. However, for a small α satisfying tan α m φ /m h , tachyon-free condition λ ΦH < 2 √ λ Φ λ H is translated to
implying that the small m V is, the larger λ ΦH can be. In addition, as will be discussed in section 4.2 and 4.3, in order to be consistent with CMB constraint and to obtain a right amount of relic density, one needs
Moreover, for such a light VDM, g X is constrained by small scale structure as Eq. (4.4). Hence, for m φ < m h and 2m V ≈ m φ , Eq. (3.2) can be written as
which looks a bit small to cure vacuum instability problem. Therefore, in case of m φ < m h , SM vacuum might be meta-stable modulo uncertainties in the pole mass of top quark and the strong coupling constant α s .
Phenomenology of Two Scalar Bosons
For m φ > 2m h , the decay channel of 4-charged-lepton final states is open (see [8] for details) and provide a clean signal. It might be within the reach of LHC experiments. On the other hand, if m φ < m h /2, SM higgs can decay into two lighter dark Higgs bosons which decay subsequently to light SM particles. Since λ φ and λ φH is much smaller than λ H in this case (see the next section), the decay of SM Higgs to dark Higgs is mainly due to λ H coupling, and the decay rate is found to be
where m h ≃ √ 2λ H v H was used. The subsequent decay rate of φ would be the same as that of SM-like Higgs boson, with the replacement m h ↔ m φ and a universal suppression factor sin 2 α in the decay rate for each channel. Therefore, the decay of SM-like Higgs to dark Higgs bosons will produce dominantly 4 b-jets, if kinematically allowed (m φ > 2m b ∼ 10 GeV). LEP Higgs search imposes a bound on such a process and requires α 0.3 for m φ 60 GeV, as shown in Fig. 1 . LHC experiments also impose a bound on the branching fraction of the SMlike Higgs boson into non-SM channels, as shown in Fig. 2 where we used an approximation [11] c α ≥ 0.904 + Br non−SM /2 with Br non−SM being the branching fraction of the decay of SM-like higgs to non-SM channels.
Note that for nonzero scalar mixing angle (α = 0), the signal strength of the SM Higgslike scalar boson is less than 1 in a universal manner [2, 6, 8] , which is a generic in Higgs portal DM models with only one Higgs doublet as in the SM.
Dark matter phenomenology
The massless dark photon (γ h ) in our scenario mediates a long range force between vector dark matters (V ± µ ) and (anti)monopoles. Particularly, such a massless mediator can cause a large non-perturbative enhancement of perturbative pair annihilation or self-interactions of dark matter. The enhancement, named as Sommerfeld enhancement, is given by [12, 13] 
where v is the velocity of dark matter. Note that, when v ≪ α X , the enhancement is proportional to 1/v. This behavior of S has crucial impacts on CMB and physics of small scale dark matter subhalos, as described in the following two subsections. For simplicity, we begin with the constraint from small scale dark matter subhalos.
Self interaction between dark matters
The dark photon carries a long range dark force between monopoles and VDMs. For the main component of dark matter, the self-interaction is strongly constrained by small and large scale structures (dwarf galaxies, bullet cluster, etc.), similarly to the singlet portal scalar DM considered in Ref.s [2, 14] . Since monopole contribution to dark matter of the universe turns out to be subdominant as described in the section 4.3, we will consider only the case of VDM self-interactions in this subsection. The transfer cross section of the VDM self-interaction mediated by dark photon is
where v cm and ρ V are respectively the velocity and energy density of dark matter at the region of interest, and only the contribution from attractive interaction was included since repulsive interaction causes suppression rather than enhancement. Formation of massive blackholes caused by DM self-interaction [15] may impose the most strong bound [16] :
leading to an upper-bound on α X that is depicted in Fig. 3 as a function of m V . For α X v/π leading to S ∼ 1, the constraint can be interpreted approximately as
where v cm = 10km/s and ρ V = 3 GeV /cm 3 were used. In fact, Eq. (4.4) is valid for 10 GeV m V 100 GeV, which will be the range of our prime interest, within O(10)% error. Interestingly, for α max X /10 2 α X α max X with α max X being the uppper-bound of α X , selfinteractions among VDM can resolve the core/cusp problem and "too-big-to-fail" problem of the conventional collisionless CDM scenarios [16, 17] .
Constraint from CMB
Around the epoch of CMB decoupling, the velocity of dark matter is given by
where v is the velocity of dark matter, T is the photon temperature, and ' ′ ' and the subscript ' cmb ' denote the epochs of DM's last kinetic decoupling and CMB decoupling, respectively. If DM is kinetically decoupled from visible sector at T = T kd while it is still coupled to dark photon, the thermal bath around the epoch of the last kinetic decoupling is provided by dark photon. In this case, the temperture of dark photon T γ ′ for T < T kd is given by
The Compton scattering rate of DM to dark photon when the temperature of dark photon is
Comparing to the expansion rate, H = π 2 g * (T )/90 1/2 T 2 /M P , one finds that the photon temperature when DM is kinetically decoupled from dark photon is
Hence, using v ′ = 3T ′ γ ′ /m V and Eq. (4.6), one finds
where we used g * (T ′ ) = g * S (T ′ ). Fig. 4 shows temperatures of photon and dark photon (left panel), and v cmb (right panel) at the last kinetic decoupling as functions of m V . The present CMB data constrains the velocity-averaged annihilation cross section of dark matter to SM particles to be upper-bounded at [18] where f i eff,sys and Br i are respectively the fractional energy deposition of annihilation products and the branching faction of channel i. The total annihilation cross section can be expressed as
where σv rel 0 is the perturbative annihilation cross section. Then, requiring σv rel tot < σv rel cmb tot , we find where σv rel 26 ≡ 6 × 10 −26 cm 3 /sec, and we used S ≈ πα X /v cmb in the second line. Fig. 5 shows that σv rel 0 around the epoch of CMB decoupling should be smaller than σv rel 26 by several orders of magnitude.
A pair of V + -V − can annihilate via the s-channel φ exchanges and its mixing with the SM Higgs boson h, and t-channel V ± exchanges. Hence the total annihilation cross section without nonperturbative enhancement effect taken into account is given by
with α and N c,f being respectively the mixing angle and the color factor of the SM fermion f , S ij = (1/2, 1) for (i = j, i = j),
and β = (1 − 4m 2 V /s) 1/2 . We notice that, for α X α max X , the total annihilation cross section is generically much smaller than σv rel 26 . However, as shown in Fig. 6 , σv rel tot can reach σv rel 26 around the s-channel resonance region. Hence, for the present relic density of VDM to be consistent with observation, the energy of VDM had to be in the resonance band at freeze-out. It turned out that for √ s ≈ m φ 150 GeV the resonance band is not narrow enough to satisfy both of CMB constraint and relic density requirement simultaneously. On the other hand, if √ s ≈ m φ 80 GeV (or ≈ m h ), and the dark gauge coupling α X satisfies the following condition,
the resonance is quite sharp so that we can obtain a right amount of VDM relic density while satisfying the CMB constraint.
Relic Densities of monopoles and VDMs

VDMs
The massive vector bosons V ± make good CDM of the universe, and they are thermalized mainly by the Higgs portal interaction, λ φH term in Eq. (2.1). For α X α CMB X and small mixing angle α, the annihilation cross section is typically much smaller than the canonical value for a right amount of relic density at present except for the s-channel resonance. On the s-channel resonance, for |m 1 − m 2 | ≫ Max[Γ 1 , Γ 2 ] with Γ 1,2 being the total decay width of H 1,2 , the present relic density can be approximated to [27] 
where Y res V,0 is the yield of VDM at present in the resonance band, C V ≡ 27 32π 2 5 2g * (T fz ) with g * (T fz ) ∼ 100 being the relativistic degrees of freedom at freeze-out, m R and Γ R are respectively the mass and total decay width of resonance, Θ(x) is the Heaviside step-function,
, and the decay rates of a resonance to DM and SM particles are respectively given by
where f R (α) = (sin 2 α, cos 2 α) for R = (1, 2), and Γ SM (m R ) is the decay rate of SM Higgs in case m h is replaced to m R . As shown in the left panel of Fig. 7 , defining the level of tuning for resonance as
, we find that a tuning smaller than about O(1)% is necessary to obtain a right amount of relic density, if m V ≈ m h /2 and α X α CMB
X
. In case of m V ≈ m φ , the fine tuning parameter is approximately given by
Note that it does not depend on the mixing angle α, since α-dependence is nearly cancelled out in Eq. (4.23). The right panel of Fig. 7 is the thermal relic density of hidden sector VDM, obtained by micromegas [28] , as functions of m V for m 2 = 0.03, 0.2, 2 TeV.
Monopoles
The SU (2) symmetry is broken down to U (1) X as the phase transition takes place at temperature T c ≃ |m φφ (φ = 0) 2 |/ (5/12)λ φ + g 2 X /2 with m 2 φφ (φ = 0) = −λ φ v 2 φ being the zero temperature mass of φ at the origin. The strength of the phase transition characterized by φ(T c )/T c is [22] φ
Hence, for g X satisfying Eq. (4.4) with m V O(1) TeV and m φ O(10) GeV, the phase transition is nearly of the second-order type (i.e. φ(T c )/T c ≪ 1). In this case, based on the Kibble-Zurek mechanism [23, 24] , the initial abundance of monopole at its formation is expected to be [25] 
where Y i ≡ n i /s with n i and s being respectively the number density of monopoles and entropy density, C S ≡ 2π 2 45 g * S , C 0 ≡ π 2 90 g * with g * S and g * being respectively the relativistic degrees of freedom associated with entropy and energy densities, and g M ≡ 4π/g X is the magnetic charge of monopoles. For a negligible Hubble expansion rate, the classical values of the critical exponents are ν = µ = 1/2, but quantum corrections increase them to ν = µ = 0.7 [25] . The initial abundance of monopoles may be reduced further by monopole-antimonopole annihilation resulting from formation of a magnetic Coulomb bound state and its subsequent cascade decays into dark photons [26] . However in our scenario the annihilation caused by such collisions are not efficient enough to reduce monopole density further than that in Eq. (4.27) . This is because in the thermal bath only V ± which have dark charge interact directly with monopoles. In order to reduce monopole density significantly, V ± should be light enough. This means that for a given v φ , g X should be small enough, but this results in very heavy monopoles and the effect of g X to the fractional energy density of monopoles is cancelled out. In addition, v φ is subject to the constraint Eq. (4.4), and g X should not be too small to avoid over-production of dark matter. Hence, v φ can not be small and, as the result, the energy contribution of monopole can not be reduced much. One may expect that the mixing between dark and visible sector Higges may results in a sizable reduction of monopole density due to the interactions to SM particles. However note that the mixing angle α is constrained to be less than about 0.45 for 95% CL [11] . So, its effect is at most comparable to the case of V ± for m V O(1) TeV. Fig. 8 shows contours of thermal relic density of hidden sector monopoles as a function of g X and m V , which was obtained from Eq. (4.27). We notice that the monopole abundance can be about 10% of the observed dark matter relic density at best in the price of 10 −2 % tuning of m V at O(1) PeV scale, even though we take α X ∼ O(1) for which perturbative description of our model may be not valid any more. Hence VDM should be the main component of the present dark matter relic density, and in this case the mass of VDM is constrained to be close to or smaller than m h /2 as discussed in the previous subsections. The relic abundance of monopoles turns out to be Ω M ∼ O(10 −6 − 10 −5 )Ω CDM for such a light VDM, which is totally negligible. Still the existence of hidden sector monopole is very crucial to guarantee the hidden sector VDM V ± µ to be absolutely stable due to the unbroken U (1) X subgroup of the original SU (2) X .
Direct Detection
VDMs
As in the Abelian VDM case, the direct detection cross section of VDM-nucleon scattering occurs through the t-channel exchange of H 1 and H 2 . Due to the generic destructive inter- ference between two scalar bosons, the strong bounds from the CDMS and XENON100 can be significantly relaxed if m 1 ∼ m 2 , as shown in Ref. [8] .
The spin-independent elastic cross section σ p of the VDM V ± scattering off the proton is obtained as [8] of target atom. Hence, for E r m 2 h /(2m A ), we find
It is far below sensitivities of present or near-future direct search experiments.
Dark Radiation
The massless dark photon associated with the unbroken dark U (1) X symmetry contributes to the extra relativistic degrees of freedom in the present universe. Starting from thermal equilibrium at high temperature, it is decoupled from VDM at T γ ∼ 10 MeV for a maximally allowed g X in Eq. (4.4) [14] . However, VDM is decoupled from SM thermal bath at much higher temperature since the thermal equilibrium of VDM is maintained only by Higgs mediation. For a relativistic particle in thermal bath, the thermal-averaged scattering cross section of dark matter to a SM fermion is found to be find T kd < T fz ∼ 2 GeV except the case of very high degeneracy. Note that T kd > T fz for m V ∼ 10 GeV. In this case, VDM is in chemical equilibrium even after kinetic decoupling. Since, as shown in Section 4.2, VDM interacts strongly enough with dark photon to keep kinetic equilibrium, its kinetic energy at its production from SM thermal bath is redistributed among VDM and dark photons. However, the kinetic energy is negligible relative to the energy of dark photon, hence temperature of dark photon is not changed. Therefore, we can say that the kinetic decoupling temperature is T QCD < T kd O(1) GeV, and the contribution of dark photon to the present radiation energy density as the extra neutrino species can be ∆N ν eff ≃ 0.08 − 0.11. It is consistent with the recent result of Planck satellite mission [1] , and can be probed at a Stage-IV CMB experiment at 2σ-level [31] . Note that we could make a definite prediction to the amount of dark radiation from massless dark photon, based on an unbroken local dark gauge symmetry and thermal VDM with a Higgs portal interaction. This is in sharp contrast to other models for extra dark radiations from, for example, axions or sterile neutrinos whose energy densities are usually adjusted by hand to match observations.
Conclusions
In this paper, as a logically natural extension of SM to a dark sector in regard of local gauge principle and the stability of dark matter, we considered a SU (2) dark gauge symmetry which is broken to U (1) X by a SU (2)-triplet dark Higgs field, which is the t'Hooft-Polyakov monopole model in the dark sector with Higgs portal. In this model, the dark sector consists of monopoles and massive vector bosons, both of which are stable due to topology and unbroken U (1) X respectively, and massless dark photons. Although the constraint from CMB data on the dark matter annihilation cross section is quite stringent, we showed that a right amount of thermal relic density can be obtained by resonant thermal freeze-out of massive VDM when the mass of VDM is close to or smaller than one for SM Higgs resonance, thanks to the Higgs portal which was newly introduced in this work.
The abundance of monopoles turns out to be negligible in this case, and their role as CDM is not very important. However their existence is crucial for the VDM to be absolutely stable in the presence of higher dimensional nonrenormalizable operators, due to the unbroken U (1) X . Present direct searches do not constrain VDM mass of O(10 − 10 3 ) GeV. But XENON1T experiment for example may probe VDM mass less than about 60 GeV. The massless dark photon associated with the U (1) X contributes to the present radiation energy density, resulting in ∆N ν eff ∼ 0.1 as the extra relativistic neutrino species. Our hidden monopoles are quite rare and their scattering rate to nucleons looks too small to be detected at direct search experiments. However, the self-interaction of monopoles, characterized by g M ≡ 4π/g X is quite large for a small g X , and it may cause monopoles captured at astrophysical object like sun. In this case, the captured monopoles may be able to annihilate, and leave observable imprints. We will take a look at this possibility in other place.
